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This manufacturing process development determined techniques for strip processing
to minimize high directional mechanical properties in three DOD titanium alloys.
Full-scale strip processing production operations starting with 4000 pound Ti-6Al-
4V, Ti-4A1-3Mo-1V and Ti-ggu-lbv ingots have shown that the T1-2£ﬂl-l6v alloy is
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in greater economies in production of better gage, flatness, and surface finish
control. While much information was developed on strip processing the T1-6Al-4V
and Ti-4Al-3Mo-1V alloys, final directionality in these two alloys was still
higher than in hand sheet product.
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ABSTRACT~SUMMARY ASD TECHNICAL REPORT 62-7-6T5
Final Technical Engineering Report January 1962

TITANIUM DIRECTIONALITY PROGRAM
A. E. Leach

Crucible Steel Company of America

This manufacturing process development determined techniques for strip processing to
minimize high directional mechanical properties in three DOD titanium alloys. Full-
scale strip processing production operations starting with 4LOQO pound Ti-6A1-4V,
T1-4A1-3Mo-1V and Ti-23A1-16V ingots have shown that the T1-23A1-16V alloy is almost
ideally suited to strip processing, developing negligible directionality and having
excellent rolling and processing characteristics. The production of T:L-2%Al-l6V
sheet by strip rolling instead of hand sheet processing will result in greater
economies in production and better gage, flatness, and surface finish control. While
much information was developed on strip processing the Ti-6A1-4V and Ti-4Al-3Mo-1V
alloys, final directionality in these two alloys was still higher than in hand sheet
product.

The approach taken to investigate directionality control in titanium alloy strip was
to determine the effect of empirical processing schedules on directionality in the
laboratory, then to test these laboratory results by full-scale production operations,
the results of which are summarized above. The investigation of empirical processing
schedules was necessary because insufficient information was available in the litera-
ture to base investigations on the development of crystallographic textures and their
effects on directionality. The literature contains comprehensive data on cold rolled
and annealed textures and deformation mechanismg of unalloyed hexagonal-close-packed
alpha titanium, but very little information on textures and deformation mechanisms

of alloyed titanium. Experience has shown that, in general, strip processed beta
titanium alloys are least directional, alpha titanium alloys are most directional,

and combined alpha-beta titanium alloys are intermediate with respect to directionality.

Laboratory investigations of twenty combinations of strip processing variables
indicated that a decrease in Ti-6A1-4V strip directionality could be achieved by
increasing final cold reduction to the practical limit of ductility. However,

this finding was not supported by full-scale Ti-6AL-4V strip rolling. Directionality
of the Ti-ggﬂl—mv and Ti-LA1-3Mo-1V alloys does not respond to processing variations
to the same degree as Ti-6AL-4V.

Rolling speed, roll diameter, and strip tension appears to have no effect on strip
directionality. Aged Ti-6Al-LV properties are unaffected by tensile prestrain such
as may be encountered during forming operations.
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FOREWORD

This Final Technical Engineering Report covers all work performed from Januery
1959 to September 1961, under contrect AF33(600)-37938, Crucible Steel Compeny
of America, Midlend Reseerch Laboratory. The menuscript was released by the
euthor on 3 Jenusry 1962 for publicetion as en ASD Technicsl Report.

This contract with Midlaend Reseerch Laboratory of the Crucible Steel Company

of Americs, Midlend, Pennsylvenia was initiated under ASD Menufecturing Methods
Project 7-675, "Titenium Directionality Progrem.* It was accomplished under the
technical direction of Hugh L. Bleck of the Basic Industry Branch of the
Manufacturing Technology Leboratory, Aeronauticel Systems Division, Wright-
Patterson Air Force Base, Ohio.

Midlend Reseerch Laborstory personnel ere A, E. Leach, Project Engineer,

Dr. H. J. Clark, Mensger, Midland Research Laboratory, R. F. Malone, Supervisor,
Mill Process Heseerch Section. The entire project wes under the guidsnce of
Dr. P. F. Darby, Supervisor of the Mechanicel Metallurgy Section,

The methodéf‘u§ed to demonstreste & process or technique on a lsboratory scale are
inadequate for use in production operstions. The objective of the Air Force
Manufecturing Methods Progrem is to develop, on & timely basis, menufacturing
processes, techniques &snd equipment for use in economical production of USAF
materiels and components. This program encompasses the following technical eress:

Rolled Sheets, Forgings, Extrusions, Cestings, Fiber end Powder Metallurgy.
Component Febricetion, Joining, Forming, Materiels Removal.

Fuels, Lubricants, Ceramics, Grephites, Non-metallic Structurel Meterials.
Solid State Devices, Passiye Devices, Thermionic Devices,

Your comments sre solicited on the potentizl utilization of the informetion
conteined herein as applied to your present or future production progrems.
Suggestions concerning additional Manufecturing Methods development required

on this or other subjects will be apprecisted,
& % & % %k & k % & % & x & % £ ¥ & & Xk % &k ¥ X ¥ £ & % % %k ¥ % %X A % Xk % &k & & % £

PUBLICATION REVIEW

This report hes been reviewed and is approved.

FOR Trils COMMANDER

ACK R. MARSH
assistant Chief

Menufecturing Technology Laboreatory
Directorate of Materials and Processes
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INTRODUCTION

It has been established that continuously hot and cold rolled titanium alloys
exhibit pronounced directionality of properties. The purpose of this project
is to reduce the differential between longitudinal and transverse properties
t0 an acceptable minimum for rolled titanium alloy sheet and strip.

Objectives

1. To relate the directionality of sheet or strip as rolled with the
capability to form finsl alrcraft components with satisfactory
characteristics.

2. To obtain data on the extent of uniform deformation and preferred
orientation in the DOD sheet alloys exposed to various hot rolling
cycles and may include cold rolling cycles.

3. To correlate the extent of the prefferred orientation resulting from
these rolling operations with mechanical tests.

4. To establish the minimm differential in directionality that is
economical and design-wise acceptable to the alrframe and missile
industry.

5. To establish the optimum rolling cycles for the DOD Sheet Rolling
Alloys which would result in the minimum directionality.

Since continuous rolling 1s s high volume method of production these objectives

are particularly appropriate for the DOD alloys, Ti-6A1-4V, Ti-4Al-3Mo-1V and
Ti-22A1-16V. The sequence used in this investigation is FPhase I literature survey,
Phase II rolling processes selected and tried on laboratory equipment, Phase III
production of full sized strip.



PHASE 1

Literature Search




DISCUSSTON

It 1s generally agreed that the principal causes of directionality in strip
product are phase or inclugion pattern and preferred crystallographic
orlentation.

In ordinary ferrous and non-ferrous strip product, inclusion shape and distribu-
tion can be a large contributing factor to directiouality.l* This is not the

case in titanium-base alloys which are vacuum-are melted in an inert atmosphere.
These alloys are free of compounds and particles of the inclusion type. Phase
pattern (principally elongated alpha or beta grains) can contribute to direction-
ality in titanium alloy strip but this is controllable in strip processing to a
certain extent through cold rolling and annealing cycles and 1s therefore believed
to be a minor factor. This leaves preferred crystallographic orientations as a
major contributor to titanium alloy strip directionality. This discussion will be
confined to data on titanium alloy orientations and general information applicable
thereto, and the reader is referred to exlsting works on the subject of preferred
orientations for additional infprmation. ZProbably one of the best of these is
Barrettl, which contains a complete bibliography and discusses hot and cold rolling
textures, recrystallization textures, their effects on directionality, and such
effects of processing on orientations as are known.

Very little data exist on deformation mechanisms or textures of highly alloyed

hexagonal-close-packed or body-centered-cubic titanium alloxs such ai‘are being
processed under thi# contract. However, substantial work3» 26,7,16,18 has been
done to determine dgformation mechanisms of unalloyed HCP alpha titanium, which
has been summarized“ as follows:

Temperature, °F Slip Systems Twinning Systems References
-320 1010} <1120> 113 1122}, (11217, 6
o1} ( “?1652{}, : ,_§} P
5 1010} <1130> 1012}, f11214, {1122 3, 16, 18
O‘i]% <11§0>; { }-’ { }’ { } ’ ’
{00013 <11Z0>
930 1010} <1130>, { 1072} 6
1011} <a130>,
{0001 <1120>
1470 élOiO} Q130>, {1012} 6
1011} <1120>
1500 {Lolo} <110>, iz}, {uzz) 7
1013 <«120>

% Numbers indicate references in selected bibliography.
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These mechanisms may be considerably different in alloyed HCP titanium. Increasing
interstitial content3 strongly affects the critical resolved shear stress for

slip and the ratios between the various slip.gystems and simllar effects may be
expected from increasing substitutional alloy content.

Available information on critical resolved shear stress for slip in unalloyed
HCP titanium has been summarized® as:

Critical Resolved Shear Stress, kg/ﬁm? (a)

Investigator {1oTo}]  <120> {1013} <18e>  {oool}  <1130>
Churchman3
(a) 0.1 0p + N, 9.19 9.90 10.90
i (13,060) (14,060) (15,480
(b) 0.0L 05 + N, 1.4 - 6.3
s (3.,990) (8,950)
Rosi, et al. 4.9-6.8 - -
16 (6:960"9:660)
Anderson, et al. 5 - 10.9-13.5
(7,110) (15,480-19,170)

(&) Parenthetical values show pounds per square inch

At room temperature slip occurs on {1010} <1120>, {10TXj<1150>, and (0001)
<1120> in slightly decreasing order of preference but a decrease in interstitisl
content markedly favors slip on {1010} <1120>.

Barrett® gives "ideal" rolling textures for HCP metals iwith axial ratlos near
that for the close packing of spheres, c¢/a = 1.633) as (0001) [1010) and for BCC
metals as (100) [011] . He also points cut that the ideal HCP Eolling texture is
commonly modified by twinning. Several investigators 11, 12, 14, 15 have dster-
mined that the rolling texture of HCP titanium differs from the ideal Iin that
(0001) poles are rotated sbout 30° toward the transverse direction sround an
axis locazei in the rolling direction. This departure from the ideal is
believed <?19 caused by {1122} twinning, which would tend to alter all (OOUL)
planes within 30° of the rolling plane to a Position about 90° from the volling
plane. During dgfigmation this would be a contlnucus process, of course, which
can be pletured =’ as (0001) planes being rotated by slip from a position per-
pendicular to the transverse direction to 30° from the rolling plane and then
being rotated back to their original position by twinning.

Rolling textures of Ti-7.l ZI—} Ti-3.6 Ta, Ti~3.6 Cb and Ti-3.8 Al HCP alpha
alloys have been determined -/. The Ti-3.8 Al alloy developed almost none of
the basal plane tilt described ahove for pure titanlum and was very close to
- the ideal texture for HCP metals. The other alloys had rolling textures

- glmilar to that of pure titanium.

Hot rolling of alphg f%tanium produces a texture similar to that caused by cold
J

rolling. Material rolled at 1050F and 145QF had (000L) [1010] textures wit
conslderable spread in both the transverse and rolling directions.
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The behavior of titanium rolling textures during recrystallization (or "annealing",
for a more appropriate, general term) is very complex, and 1s complicated guithig
by the allotropic transformstion from HCP to BOC. Several invw&tigations “’lh
on the effect of annealing treatments on the unalloyed HCP titanium texture have
been summarized™ and indicate that -

1) Low temperature anneeling (less than 1000F) produce only a
sharpening of the rotated (000L) [1010] rolling texture.

2) Increasing the annealing temperature up to 1500F increazes
the predominance of a new (000L) [L120] rotated texture over
the old ons. Some investlgators alsc report a rotated (OOOL)
[10I0] texture with the [1010] directicn 14 - 209 from the
rolling direction for anneals in this temperabture range.

3) Heating to just above the beta transus temperature {16508 -
1920F ) produced a rotated (000L) [1120] texture which could
lained 1f the (000L) alpha Dlane tended to coincide with
{11Q?Puuta planes during transformation.

4) Heating high into the beta field {2190F) produced s new
complex texture which was helieved caused by the develciment
of a {001) [100] cube texturs in the beta phase by secondary
recrystallization and subsequent transformation to alpha
thase with the (000L) alpha plane forming parsllel to prior
{llQ} beta planes.

No discussion of preferred orientation in the betas rhase of slpha-beta or beta
titanium glloys was encountered in the literature. A review of Cruclble Steel
Company of America data on tensile proparties of alphz-beta sheet slloys, such
as 6AL-UV, LAL-3Mo-1V, 16V-23AL (the DOD alloys), end 8Mn reveals that the
magnitude of the directlionality provlem decrsases with increasing proportions
of beta phase in the annealed microstructurs. Thersefore, though the contribution
of beta phase preferred orientation to mechanical propverty directionality is
not clearly estsblished, it is not felt to be of any signiticsnt importancs.
Based on this assumption, the directionality prcblem in the three alioys belng
investigated under this cont rac+ in ordar of decreasing magritude will probably
be 6A1-4V, 4AL-3Mo~1¥ and 1AV-23A1.

The foregolng discussion Illustrates the difficulty of appiying fundamentsl
texture studles to the problem of minimizing directionalilty in titanium alloy
strip. The alloys investigated under this contract have both HCP alpha and
BCC beta Phases co-exlsting in their structures. Furthermore, both of these
phases are high in alloy content and chemical composition of the indlividual
phases can be varied by heat treatment. These factors, plus recrystallization
characteristics of the individusl phases, mode of phage tranaformation
(precipitation plus growth or growth of exlsting phase particles), cold rolling
variables, and heat treatments can all affect texture behavior. Taerefore, our
approach to the titanium glloy strlp directionality problem will be to ilnvesti-
gate the effects of a varlety of empirical processing scheduiles on mechanical



properties determined at several angles to the rolling direction. This is
traditionally the method used to minimize directionality in strip products,
since there are few well defined laws governing crystal behavior under various
combinations of deformation and annealing. In developing these empirical
processing schedules we have relied largely upon Crucible's extensive experience
in the strip processing of titanium alloys.

Phase pattern msy also contribute to mechanical property directionality. While
never sctively lnvestigated in sheet material, Cruclble Steel Company of America
has long recognlzed the directional effects of elongated alpha in two-phase
alloy billet material; therefore, the possibility of the existence of a dis-
persion of preferentially elongated alpha gralns in a transformation or bets
matrix in strip product should not be overlooked. It is impossible to
distinguish between the contributions of crystallographic orientation and
Phase pattern to directionality by mechanical testing. Although metallographic
examination need not necessarily confirm exlstence of a phase pattern, this
technique was employed in an attempt to minimize the possibility of phase
pattern occurrencs.

Strip processing can apnveniently be divided into three sections--hot rolling,
cold rolling and thermal treatments (other than simple heating for hot rolling)~-
each involving a nunber of independent varigbles which influence preferred
orientation. The three sectlons listed sbowve will be discussed individually
with respect to past Crucible experience.

Hot Rolling

Temperatiure, heating schedule, reduction schedule and rolling speed are the
four primary independent variables in the hot rolling section of strip processing.
Of these, attention has been focused on temperaturs. Directionality at the
1/8" thick (hot-band) stage has been minimized by rolling to gage entirely
above the bets transus, i.e., at a temperaturs sufficlently high that only the
body=-centered-cublc heta phase exlsgts during rolling. This effect is sghowm in
Tables I and I, which give the hot rolled tenslle properties of the two-phase
alloys 4A1-3Mo-1V and 16V-23A1 respectively, after laboratory roiling to 1/8"
at various temperatures. This condition, while closely approximated, has not
been readilly achisved in production rolling of alpha-bets alloys. The maximmm
rolling temperature 1s limited by oxide skin formation, gas absorption and
excessive grain growth. Excessive grain growth in combination with heavy oxide
skin formation results in severe surface tearing and cracking during rolling,
making canditioning extremely difficult and expensive. Under these conditions,
subsequent operations do not result ln satisfactory product. Mnimum rolling
temperature is influenced primarily by roll pressure requirements.

It has been demonstrated by mill experience that the heating schedule should
be such that heating time should not excecd the time required for materisl to
attain a uniform temperature throughout, since gas absorption, oxide skin
formation and grain growth proceed rapidly, particularly at temperatures abowve
the beta transus. Since heating schedule 1s largely a matter of accurate temp-
ergture measurement and process control, 1t requires no investigation.



We did not find any discussion in the literature of the influence of heavy
versus light hot reductions per pass on preferred orientation nor do we know

of any unreported lnvestigatlons. It 1s expected, however, that the effect
will be similar to that encountered in the cold rolling of alphs titanium and
zirconlum--heavy reductions will produce a more highly oriented structure than
will light reductions. Maximm and minimum reductions on production facilities
are determined by mill capabilities and winimum finishing temperature considerg-
tions. Since rolling speed and reduction schedules are both strain rate
variables, and since speed cannot be controlled as readily as reduction gchedules,
only the latter variable was investigated for the hot rolling portion of this
work.

Cold Rolling
During cold rolling there are more proceseing variables avallable to influsnce

. directionality. Of greatest importance are starting condition, total reduction

‘or strain, mill tension and the strain rate variables, roll speed and roll gize.
Starting condition refers to grain size and the relative proportions of alpha

and betsa phase in the microstructure. Rolling a metastabls bets obtalnad by
sclution treatment ann=als offers a poseibility for reduelhg preferrad orisntation
end resultant mechanical property directionality. However, the effectiveness of
solution treatments 1z limited by cold rollghbllity and quality consideratisns.

Greater total reductions generally result in a higher degree of preferred
orientation. A minimum reduction of epproximately 204 is required, however,

1o restors mechanical properties which are destroyed by some of the randomization
thermal treatments which are to be investigated. Here agaln 1z exhibited the
great inderdependence of thermgl treatment and cold rolling variables.

Strain rate sensitivity of titanium is well known and was investigated by
Crucible Steel Company of America under AM: contract, AF 33(038)-21912. Howwver,
the effects of the straln rate varigbles, roll speed and size, on dirvectionagiity
are not reported in the literature. Nor hgve ill tension effects bean reported.
These are examined under Phase II of thls coutract.

Thermal Treatments

The greatest emphasis bas been placed on development of thermsl cycles to
reduce directiorality. Independent variables investigated were time, temp~
erature and coollng rate.

Short time betatizing anneals, i.e. annealing above the beta transus, followad
by alr cooling to retaln a large portion of metastable beta phasz, and long
time alpha-beta final anneals have produced satisfactory dlrectlionality resulis
in 6A1-4V alloy strip. However, the low directionality has usually been
accompanied by low strength. Tables ITY and IV glve mechanlcal property results
of Cl20AV st each processing stage. The influence of a solution treatwent is
shown in Table IIX: directionallty is reduced considerably.

.."{ -



Overaging of solutlon treated strip (L.e., material contalning a large portion

of metastable beta in the microstructure) in combination with a variety of prior

and subsequent thermal treatments and cold rclling schedules offers some . possibility
for minimizing preferred orientation in titanium alloy strip.

Conslderable vork is required in the promising area of themsl treatments.

CONCLUSIONS

Comprehensive studies of deformation mechanlisms and textures of cold rolled and
annealed unalloyed hexagonal-close-packed alpha titarium have bzen made and are
reported in the literature., Little information is avalleble, however, on the
effects of alloying on hexagonal-close-packsd alphs textures or body-centersd-
cublc beta textures. Moreover, the effects of textures on dlrectionailty sre
known ounly in a general way.

Hexagonal~cloge-packed metals such sg zine and cadmium do not deform as titaniwe
does because they have an abnormally high c/a ratio. Others such as berylliuws,
zirconium, hafnium and osmium have been explored less than titanium. Magoesium
and its alloys have been studled extenslvely but directiomality 1s severs and

is minimized largely bty cross rolling. Accordingly the literature provides Llittle
that is directly applicable to this program.

On the other hand body-centered-cubic metals have been ghtudied in detell avd
their crystallograpbic and directional characteristics are consigtent. Sinca
the alloys being investigated under this contract are two phase, additionsl
complications ardise during heat treatment because of the transitions from one
phase to the other and resulting changes in orilentatiorn.

The prior art indicates that the rollling texture of alphs or hexagonal-cloge-
packed titanium 1s J1010J. The basal plane (000L) rotates out of the rolling
plane by verious amounts depending on the alloy content, bub concentrates ah

30° for unalloyed titanium. Combinationg of slip and twinning have been showa

to gecount for this phenomena depending on speclfic assumptlions about the

ratios of the critical resolved shear stress. Certain anncsled and recrystaillizsd
textures are explainable as arising from the basal plare transforming to the (110)
plane of the beta phase. These suggest that heat treatment dwelng processing is
of major importance in directionality.

Therefore, the literature search conducted under thils contract indicates that
titanium alloy strip directionality control can best be investigated by determining
the effects of a variety of empirical procsssing schedulss.
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PHASE IT

Laboratory Investigations of
Processing Variables
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DESCRIPTION (F PHASE II PROGRAM

Phase II is an intermediate step in which the results of the Phase I literature
search and Crucible experience in strip processing were combined in lgboratory
investigations of processing variables. These were designed to lead to lmproved
production processing sequences, to be tried out on production-size slabs in
Phase III.

Of the three alloys belng investigated, most of the Phase II laborabtory work
was carried out on the T1-6A1-4V alloy in order to refine the strip processing
attempted under Navy Contract NOas 56-995¢. The processing and metaliuvgisal
characteristics of Ti-4AL-3Mo-1V and Ti-23A1-16V sheet were still being explored
under the latter contract at the time the directionality program reported hape
was begun. The Navy contract was directed to hand sheet processing, but also
called for exploration of basic Ti-L4AL-3Mo-1V and Ti-23AL-16V strip processing
characteristics. The laboratory processing of Ti-6A1-UV for mianimizing dlrvec-
tionality was synchronized with the exploratory work on the other two alloys
on the Navy contract. Subsequent refinements of the strip processing of Ti-
4A1-3Mo-1V and Ti-Qé-Al-l6V were accomplished under the directicmallty contract.

Hot rolling of 4" thick forged slsbs to 0.125" thick coiled hot band ls the
first rolling operation in making strip product. The effects of thres roliing
temperatures and two reduction schedules on Ti-6AL-4V directiornality were
investigated at the intermediate 0.75" thick sheet bar stage as wall sz at the
final 0.125" thick hot band gage.

Strip product 1s processed from 0.125" thick to final gage by a series of cold
reductions and intermediate anxeals. Twenty candidate cold roll/amneal eyules,
involving the evaluation of long time anneals well below the beha trangus,
short time anneals very near or above the beta traunsus, and cold reductions of
20 to 50%, were investigated for effects on annealed mechanical yroperty divec-
tionallty. The two cycles which produced the least directionality and which
appeared to be most practical for existing production equipment ware galected
for a more comprahensive directionality evalustion in the annegled, solution
treated, and solution treated and aged conditions. Room and elevabted temoers-
ture tensile and compression tests and room temperatizre bend tests were used
for this evaluation.

The effects of roll diameter, rolling speed, aad strip tension on dircctlocality
were also determined under Phase II.

The effect of cold work in the solution treated condition on Ti-6AL-4V aging
response (prestrain effect) was investigated for both processes scraened from
the twenty candidates. In the early stages of our program under Navy contract
NOas 56-995¢, it was found that such cold work caused the Ti-4Al~3Mo-1V and
T1-24A1-16V alloys to age to lower strengths than 1f no cold work wers performesd.
Intensive investigations at that time, which eliminated T4-LAl-3Mo-1V and
minimized T1-2%A1-16V prestrain effects, showed that prestrain effect was
arfected by processing history. The purpose of investigating Ti-6A1-4V prestyrain
effect under this contract was to determine if it occurred in this allcy and,

if so0, how it was affected by processing history.



Laboratory investigstions of Ti-LAl-3Mo-1V and T1-23A1-16V strip processing

were then carried out. Methods developed to minimize Ti-6A1-4V directionality
were applied to these other alloys to determine 1f they had an equally beneficial
effect..

HOT ROLLING O.75" THICK SHEET BAR

This part of the program involved hot rolling 7" wide by 3" thick by 4" long

sleb sections to 0.75" thick sheet bar using starting temperatures of 1900,

2050, and 2200F and reductions per pass of 13 and 21% (a total of six temperature-
reduction schedules). All material for the six tests was rolled to 1.50" thick
at 1900, 2050 ard 2200F before starting the program.

Table V contains the detalled temperature-reduction schedules followed in pro-
cessing the six hot rolling tests from 1.50" to 0.75" thick. The starting
temperatures shown were selected so as to result in six finishing temperatures
spaced over the temperature range of 155CF to 1930F at the 0.125" thick hot
band stage and thus, with a minimm nunber of experiments, investigate £inishing
temperastures from substantlally below to above the bets transus. Reduction
schedules were chosen on the basis of production mlll capabllitles and related
temperature requirements. A temperature drop of SF per pass for hot rolling

t0 0.75" thick sheet bar was assumad.

Annealed tensile properties in three directions of 0.75" thick T1-6A1-4V sheet
bar hot rolled by the six schedules are listed in Table VI. The low ultimate
and yleld strength directionalities were anticipated since all roliing to C.75"
thick was condueted above the beta transus. Because of the overall low streongth
directionality, any of these schedules seems satisfactory for sheet bar rolling.

HOT ROLLING 0.125" THICK HOT BAND

Hot rolling from 0.750" thick sheet bar to 0.125" thick hot band was accomplished
by the temperature reduction schedules cutlined in Table VII. Here, temperature
drops of 150F between the 2-high slab mill and the L-high hot strip mill and 15F
per pass in the L~high mill were assumed. Reductions per pass of 15 and 23%
were investigated.

Table VIII contains the annealed tensile properties in three directions of C.125"
thick Ti-6AL-4V hot band rolled in accordance with the six temperature-reduction
schedules described in Table VII. As expected, material finished st the higher
temperatures exhibited the lowest directionality, dve probadbly to more body-
centered~cublc beta rhase In the microstructure.

Figures 1 and 2 are plots of ultimate and yleld strength directlomallty versus
finish hot rolling temperature at constant reduction per pass for 0.125" thick
T1-6A1-4V hot band. The relationships shown are believed to be valid even
though the data are limited.

Longitudinal microstructures of Ti-6Al-4V finish hot rolled to 0.125" sbove
the beta transus or in the all beta field at 1930 and 1850F are shown in
Figures 3 and 4. Figures 5 and 6 represent material hot rolled 23 and 15%
per pass and f£inished at 1780 and 1700F, respectively. Note that Figure 5

18 a very coarse transformation structure while Figure 6 1s a fire worked
alpha-beta structure. At still lower finishing temperatures (1630 and 1550%)

-13-



vwhere the effect of reduction per pass ceases to be of importance » a8 shown by
Figures 1 and 2, microstructures are both fine alpha-beta.

Two hot rolling processes were selected from the six combinations of temperature-
reduction: Test 32, the best with respect to directionality, and Test 11, the
most practical production practice. Additionsal material was hot rolled by each
of the two procedures described and tensile tested in three directions in the
annegled, solution treated, and solution treated and aged conditions. These
test results appear in Table IX. Anncsled tensile directionalities are sumewhat
higher than those obtained in the initial testing. Ultimate and yleld strength
directionality of hot rolled 0.125" thick Ti-6A1l-4V finished below the beta
transus decreases, while directionality of material finished above the beta
transus shows a mar#ed increase, upon solution treatment. Directionality in
both cases shows a marked decrease upon sging.

COLD ROLLING TO FINAL GAGE

Cold rolling and intermediate annealing process varlables selected for investi-
gation were:

1. Annesls of long duration well below the beta transus.

2, Short time anneals similar to production anneals well below
the transus.

3. Short time anneals very near Or above the beta transus.

4, Cold reductions of 20% to 50% betwesn anneals.

Lengthy annealing has the reputation of ennancing bend propertics, low tempera-
ture "strand line"” anneals* fit present equipment best, and high temperaturc
strand line anneals were presumed to minimize directionality. Cold reductions
of 20% to 30% and 50% were selected as typical of average and maximum production
pPerformance.

Ti-6Al-4V hot band 0.125" thick hot rclled by the two selected sshedules was
processed to 0.040" thick strip by ten combinations of annealing and cold
reduction for a total of 20 hot roli-cold roll-anneal processes. Each of the
processes 1s described in Tasble X. Duplicste annealed tensile tegts were
taken in five directions from material processed to 0.040" thick. These
results appear in Table XTI with a suwmmary of ultimate and yleld atrength
directionality in Table XII.

Selection of optimum processing sequences for further evaluatlion was based on
the data of Table XII and practical considerations concerning production
equipment available for processing. Tavle XII indicates that hot rolilng
temperatures are unimportant, so attention was concentrated on processes 1A
through 1K. These processes are most practical on present equipment becauss
of the lower hot rolling temperature (finish-rolled below the beta trausus).
They will algo produce less oxidation, and hence better hot rolled surfaces
with less conditioning loss than processes 3A through 3K.

*This refers to psssing the strip continuously thru the annealing furnaces,
Pickling baths, dryers, etc. and rewinding into a coil.
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Of processes 1A through 1K, 1B, 1F, and 1K are the best with regard to
directionallity. Processes 1B and 1K were selected for further evaluation
because process 1F requires an initial short time anneal above the beta
transus (10 minutes at 1800F). While known to heve a benefliclal effect on
directionality, such anneals usually result in severe edge cracking duwring
cold rolling. Therefore, the possibillity of high scrap loss mskes proc=ss
IF a third-choice candidate for prcduction processing.

The work reported and discussed above consluded a brosd swrvey of mill pro-
cessing effects on directionslity, using annealed room temperstuve tensile
tests for screening. Avallable processing sequences were narrowed to two
candidates and the next phase of lgboratory work under this coutract was to
select the better of these. This was done by means of a comprehensive
evaluation of directionalitles, using x-rgy diffraction studies, room and
elevated temperature tension and compiresszion tests, and room temperatura
bend tests in five testing directions and three conditlions~~ancesled,
solutlon treated and solution treated and aged.

Preliminary pole figures of both alpha and beta phases of process 1B and process
1K material are shown in Figures 7 through 10. Textures of both processes were
similar and can be idealized as alpha [0L10] and beta (100) [OLL]. A set of
unexplained clear areas (representing almost zero pole density) were fourd nesy
the center circle of the pole figure for the alpba rhase of process 1B, which
cannot be readily explalned by assigning a roliing rlanc. This would require
further study for explanation. Though not the result of an exhaustive investi-
gation, these textures are reasonably conslstent with studles msde on textures

of unalloyed titanium (discussed under Fhase I). The Ti-6AL-4V material examined
was annealed after cold rolling, but it arpears that the alpha phase developsd

a rolling texture similar to unalloyed titanium (except that the basal plane

was rotated more toward the transverse direction) and retsined this texture
through the annealing cycle. The Ti-6A1-4V beta phase developed a rolling texture
typical of body-centered-cublic metals and vetained this textuwre throogh smmesling.

Results of the comprehensive testing of 0.040" thick TL-6AL-LV sheet producad in
the laboratory by processes 1B and 1K sre presented in Tables XIIT through XVII
and are plotted in Figures 11 through 2C. Teble XVIIT ig a swenyry o these data
which facllitates a comparison of test resuits on both processes.

Process 1K resnlts in less tension and compresszion strength directiomality and
ductility directionality than proczss 1B 1In the great mejority of comparable
tests (Table XVIII), regardless of test temperature or material comdition.

The few exceptions may be attributed +o0 normsl gpread In test results.

Table XVIII also shows that there iz no significant difference between the two
processes with regard to strength levels under equivalent test conditions.
However, a comparison of ductility results again shows an advantage for process
1K-~tensile specimens from process 1K materisl consistently have higher percsoed
elongations. Differences between bend results gre not consgidered significant,
except that Frocess 1B results vary over & wider range with test direction,

as shown in the directionality summary (Table XVI%.
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The data plotted in Figures 1l through 20 show the same Ti-6AL-UV strip
directionality pattern discovered by earlier investigations under this contract.
Minimin tension and compression strength values occur at 45 degrees from the
direction of rolling and ductility is at a maximum Iin this test direction.

This pattern persists regardless of processing method, heat treated condition,
or testing temperature. Mnimm bend radius is also at a minimum in the 45
degree test direction. This would be expected since bend performance usually
improves with percent elongation.

The effect of rolling speed and roll diameter on TLi-6AlL-4V directionality is
shown in Table XIX. These data are plotted in Figures 21 and 22 and can be
sumarized as follows:

Rolling Conditions Dirvectionality* (ksi)

Diameter  Speed UTs ¥S - El
(" ('/min.) 1B 1K 1B 1K iB 1K
L 60 6.5 509 9.0 9.5 2.5 4.0
oi 60 12.0 7.5 2.0  T.T 4.5 3.5
22 140 14,0 15.0 7.0 14.0 3.5 4.5

*Directionality 1is expressed as the difference between
maximm and minimm values.

The effect these variables have on directionality is so small that it can be
ignored, for practical purposes. As rate of deformation increases (l.e.
smaller roll diameter or faster rolling speed) ultimate tensile strength
directionality increases but does not reech a high level. An increasing rate
of deformation introduces no significant variation in yield strength or
ductility directionality.

The effect of strip tension on Ti-6Al-4V directlionslity is summarized below.
Individual test results are shown in Table XX and are plotted in Filgure 23.

Strip Tension (% of ¥YS) Directionality (ksi)

Forward Back TS YS El
30 30 3kl 24,7 5.5
10 10 32.5 22.2 7.0
30 10 36.3 29.3 9.0
10 30 34.1 248 12.5

The four combinations of strip tension investigated cover conditions which

would be encountered in production rolling.

In spite of large changes in

strip tension, directionality remains slmost constant, showing that strip
The directionality of
the strip material available for this experiment is rather high but we

believe these conclusions are valid.

tengion has a negligible effect on directiomsality.
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Ti-6Al-4V PRESTRAIN EFFECT

Test data (Figures 24 through 33 and Tables XXI and XXII) show that neither
Process 1B nor process 1K produces Ti-6A1-U4V strip having a prestrain effect,
withinp the limitations of the investigation. Tensile prestraining was carried
out at room temperature, 4OOF, TOOF and 1000F in five test directions.
Specimens were tested in both tension and compression in the as-prestrained
condition as well as after prestraining and aging. Tensile prestrains employed
were varled over a range but did not, of course, exceed the limit of uniform
elongation, or the point where specimens would start to neck and non-unifcrm
strailn begin.

Since this investigation indicates that parts formed of both 1B and 1K

Ti-6A1-4V strip will age to strengths equivalent to unformed material, prastrain

effect can be éliminated as a basis for selection of the optimum processing
schedule. RNevertheless, several interesting observations and conclusions can
be made from a study of these data, which are listed below. For the readsr's
convenience in verifying these concluslons, reference is made t¢ specific
figures in the column at the left.

Figures Conclusion

Compare Figures 24 1. Processing affects heat tre2at responsec. While
thru 27 for 1B to neither process shows a prestrain effect, LK

29 thru 32 for 1K material ages to a somewhat lower strength-higher

ductility property combination than does 18
material for the aging cycle used--4 hours at
1000F. This emphasizes the importance of procass
control-~to obtaln uniform heat tresting response,
processing must be uniform from one ccoll to ancther.

Compare Figures 25 2. Process 1K materisl is probably more sultable for

thru 27 for 1B to hot forming at temperatures of HOOF to LO00OF than

30 thru 32 for 1K. process 1B mgberisl. One of the difficultles
encountered in hot forming Ti-6AL-4V sheet metsl
parts by the alrframe Industry has been extreme
brittleness at forming temperatures of TOOF and
above. The combingtion of high temperature and
Plastic working accelerates agling rasponse so that
ductility 1s lost, for all practical purposes.
This 1is showe in Figures 25 through 27 for 1B
strip. At temperatures of LOOF, TOOF acd LOOCF
prestrain results in little~to-no yield /ultimate
spread and room tempersture test specimens were
80 brittle that no percent elongation measurement
could be made, in most cases. On the other hand,
1K material retains a large proportion of its
ductility under equivalent prestrain conditions
(Figures 30 through 32), indicating tbet 1t could



be successfully hot formed to more severe contours
than 1B materiasl. Aging 4 hours at 1000F after
prestrain restores a substantlal portion of lost
ductility for material produced by both processes.

Figures 24 thru 27 3. While there 18 no prestrain effect with regard to

for 1B and 29 thru aged strength levels, there appears to be a slight

32 for 1X loss in ductility for materlal which hss bmen pra-
strained and aged compared to materlal aged without
prior prestrain. This ducitlity prestrain effect
is more pronounced in 1B materlal than in 1K materigl.

1B and 1K material tensile prestrained at room temperaturz and then tested in
compression without aging shows the conventional Baugchinger effect~~comprassion
yield strength drops with increasing prestrain. However, aging 4 hours st LOOOF
after tensile prestraining counteracts the Beguschinger «ffwct and specimens so
aged show no variation in compression yield strength with percent prestrain.
Compression yleld strengths are uniformly high for all aged specimens (see
Tables XXI and XXII and Figures 28 and 33).

The data from compression testing of material prestrgined at «levated tempersg-
tures were not plotted in figures but are merely listed in Tables XXI and XXIT.
This material i1s overaged but, nevertheless, the resulting properties show that
overaged compression yleld strengths are not affected by tensilse prestralning
at temperatures up to 1000F.

Aside from prestrain considerations, Figures 28 and 33 show that aging Ti-GAL-4V
strip 4 hours at 1000F does not increase compression strength as it does
tensgion strength. Compression yleld strength is as high, or possibly somswhat
higher, before aging than tension yield strength is after aging and is not
noticeably affected by the aging cycle. In fact, these data indlcate that

the only berefit to Ti-6Al-4V compression strength from sging is to remove

any Bauschinger effect which may have been introduced by forming.

Test procedure for the Ti-6ALl-UV prestrain program was as follows:

All specimens were strained in a Baldwln Tate-Emery tensile testing machine.
Strain values shown on the data sheets represent plastic straln and wara
measured after the removal of load and elastic recovery.

Specimens strained at elevated temperstures were resistance heated (i.e.
specimen was resistance element in an electrical circuit). Edges were machined
parallel before straining and a thermocouple was attached to the specimen to
indicate temperature. Temperature was controlled by means of a rheostat and
was within + 10F of the target temperature throughout the time the specimen
was being strained.

Specimens strained at elevated temperatures required a cycle of approximately
2.5 minutes for heating and testing. In order to eliminate the effect of time
at elevated temperatures on final test results, specimens for 0% prestrain st
4OOF, TOOF.and 1000F were exposed to the same heating cycle.
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SELECTION OF THE OPTIMUM Ti-6Al-4V STRIP PROCESSING CYCLE

On the basis of the data comparing processes 1B and 1K discussed previously,
Process 1K is the outstanding candidate for Ti-6A1-UV strip processing. It
Promises to provide strip having low property directionality and excellent

heat treating response and is one of the most practical and economical procezses
considered under this contract. Briefly, process 1K involves hot rolling from
forged-slab to 0.125" thick hot band from 1900F, using about 23% reduction per
Pass. Finish rolling temperature is 1630F. The hot band 1s then stress relieved,
cold rolled 30%, stress relieved again, cold rolled ancther 30% and given a com=
rlete anneal. After a final cold reduction of 50%, the strip is given another
complete anneal (See Table VI).

EVALUATION OF Ti-4Al-3Mo-1V AND Ti-2%A1-16V STRIP PROCESSING

The major features of strip processing cycles for Ti-4Al-3Mo-1V and Ti-23AL-16V
established by the Crucible Steel Company of America under Navy contract NOas
56-995¢ are:

T -4A1 ~3Mo-1V T1~2%A1-16V

l. Double consumable melt 25" diameter 1. Double consumable melt 25" diameter
ingots. ingots.

2. Forge 25" diameter ingots to 4" 2. Forge 25" dlameter ingots to 4"
thick slabs at 1700-1950F. thick slabs at 1700-180CF.

3. Hot roll 4" thick slsbs to 0.125" 3. Hot roll 4" thick slabs to 0.125"
thick coiled hot band from 180CF. thick coiled hot band from 165(F.

. Anneal at 1600F. 4. Anneal at LLOOF.

5. Cold reductions. 50 Cold reductions.

6. Intermediate anneals. 6. Intermediate annesis.

Our limited mill experlence with these cyzles to date has stowa that the
Ti{-4A1-3M>~-1V alioy develops a falrly high strip directionglity and that the
T1-23A1-16V alloy develops low directionality. High final cold reductions
(50%), found to be beneficial to TL-6A1-4V directionality, weve incorporated
into these cycles and their effects on TL1-23A1-16V and Ti-4Al-3Mo-1V
directionality were investigated in the laboratory. It was found that cold
reductions of the order investigated dild not have a siguificsnt effect on the
already-low directionality of the Ti-23A1-16V alloy. Test results in the
solution treated and solution treated and agsd conditions for Ti-4ALl-3Mo-1V
strip which had received a final 50% cold reduction ars shown in Table XXIII.
These data are plotted in Figure 34 and are summarized as follows:
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Directionality

(ksi) Property Raggesl
Condition UTS . ¥s' EL UTS Ys EL
Solution 10.7 16.8 5.0 136.4-147.1 94.2-11%:0  13-18
Treated 115 max® 10.5 min©
1655F,
20", WQ
Solution  16.5 28.2 1.5 189.1-205.6 159.0-187.2 5.0-6.5
Treated 185 min? 155 min® 5.5 min?
+ Aged
12 Hours
at 925F

1 - Five test directlons; two specimens per direction for each range.
2 - Common specification value for Ti-4A1l-3Mo~1V sheet.

Although a final high cold reduction of 50% is not as effective in minimizing
directionality in Ti-4A1-3Mo-1V strip as in Ti-6A1-4V strip, it does produce
material having excellent mechanical properties with regard to current specifi-
cation values. We therefore processed the FPhase III Ti-4Al-3Mo-lV material
according to the schedule tested in the laboratory.

CONCLUSIONS

Laboratory investigations of twenty combinagtions of strip processing varisbles
show that a major decrease in Ti-6AL-UV strip directionality may be achiewvad
by increasing final cold reduction to the practical limit of duetility.

Rolling speed, roll dlameter and strip tension appear to have no measurahle
effect on directionality. Other variables such as slab hot rolling tempera-
tures and intermediste annealing treatments have some effect but are offset
by other property and processing considerations. Aged properties of Ti-6AL-LV
appear to be unaffected by temslle prestrain such as may be encountered during
forming operations.

74 -24A1-16V and Ti-4AL-3Mo-1V do not respond to the same degree to processing
variations as Ti-6Al-4V. T1-23A1-16V allcy strip is basically non-directicmal.
A modest improvement in Ti-4Al-3Mo-lV strip directionality is achieved by
increasing final cold reduction to the practical limit of ductility.



PHASE TIT

Production Application




MILL PROCESSING

Four thousand pound ingcts of the TL-6AL-4V, Ti-4Al-3Mo-1V and Ti-23A1~16V
alloys were processed under Phase III in Crucible Steel Company of Aperica's
modern strip mill. The rurpose of this full-scale production operation was
to verify that the minimmedirectionality strip processing cycles developed
under Phase II could be applied to production operations.

Production operations for all Phase III ingots are shown in the fiow sheets
of Tables XXIV, XXV and XXVI. These operations are discussed in more detail
in the paragraphs that follow.

The 25" diameter 4OOO-pound ingots were double consumsble-arc vacuum melted.
They were then forged to 42" x 4" x L slabs by upsetting to 42" diameter and
swaging to final thickness. Forging temperatures were:

T4 -6A1-4V Ti-4A1 -3Mo=-1V T:L-z}&-mv
Upsetting and 20508 1950F 180CF
rough forging
Final forging 1700F 1700F 1700r

The heats were conditioned by grinding at intermsdiste and final forging stages.
The 42" x 4" x L forged slabs were hot rolled to 42" x 0.125" to 0.150" x L
colled hot bands on our hot strip mill. Slab temperatures were 1875F for

T -6A1-4V and 1800F for the other two alloys. This hot strip mill comsisted
principally of sladb heating furnaces, a scale breasker, a two-high reversing
mill (with edging rolls) to reduce forged slabs to approximately 0.800" thick
sheet bar, shears to square sheet bar ends, a four-high reversing mill to
reduce sheet bar to approximately 0.140" thick hot band, and a hot band coiler.
Hot coilers are contained in furnaces on both sides of the four~-high reversing
mill to retard heat loss during the final hot bard rolling. The strip is
alternately coiled and uncoiled in these hot collers as it is reduced in
thickness by rolling in the four-high reversing mill. Thess pleces of egqulrment
are Joined by run-out tables and their operations are synchronized sc that
normally within gbout three to five minutes after a heated sladb is remowved

from the furnace it has been reduced to a 0.125" thick colled hot bend. Test
samples can be obtalned at two stages--sheet bar, as the ends are sguared by
gshearing, and hot band, after the final hot reductioan. Hot roiling of contract
slabs to coiled hot band was accomplished in a routine manner by the equipment
described above.

Following hot band rolling, Ti-4AL-3Mo-1V, T1-6AL-4V and Ti-2Al-16V coils
were stress relieved at 1250F, slow cooled, and descaled by whealabrating
and pickling in a continuous strip line. They were then annealed as follows:

T1-6AL-L4V - 1550F, slow cooled SF/minute maxinum
Ti-4Al-3M0-1V - 1650F, slow cooled 5F/minute msximam
T1-2%A1~16V - 1400F, slow cooled 5F/minute maximam

After annealing, the coils were side-trimmed to remove edge defects. From
this point, processing consisted basically of cold reductions and intermedisbe
anneals until final gage was reached. A variety of equipment was avallsble and
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was used for this processing. A three-stand four-high continuous cold rolling
mill was used for initisl cold reductions. This followed Crucible's standard
mill practice, in which this high-speed mill is used to break down hot bands

t0 gages not lower than 0.075". After initial breakdown, contract colls were
cold rolled in either a 54" wide reversing Sendzimir mill (2" diameter work
rolls) or a 4" wide four~high reversing mill (8" or 10" diameter werk roils).
Selection of mill for finish rolling depended on a number of factorg--coll
width (the Sendzimir mill will not roll narrow coils), gags to be rolled (the
Sendzimir mill will roll to thinner gages), type of alloy, etc. Standard girip
mill equipment was used for other opsrations. Annealing was done in elther strip
anneal-descale~plckle lines or in batch furngces. Side trimmers were used o
condition edges after each cold roll and surface conditioning was done in strip
inspection and conditioning lines.

Operations sequence was gulded principally by the results of Phase IT laboratory
investigations, as mentloned previously, becavsee the purposae of production pro-
cessing was to verify that methods develoupad in the laboratory for minimirming
titanium alloy strip directionality could be appllied on & production baszis,
Practical considerations during Phase III mill operations reguired that certaln
minor modifications in strip processing cycles be made bub it wes not necessary
to depart from the principal features of the cycles developed by Phese IL
investigations. Phase II showed that Ti~-6AL-UV strip direciionzlity could best
be minimized by a heavy final cold reduction (prefersbly 50%). The goal of 50%
final cold reduction was not achieved in production operations; duwerlrng the flngl
cold roliing cperation the Ti-6AL-4V strip was reduced 33% when edge cracking
becam: severe and cold rolling had to be stopped. This constitutes aun irprove-
mert, however, for Ti-6AL-4V strip is not normally cold rolled more than 20-25%
betweer. intermediate anneals. Intermediste anneals at 1550F were sapdoyed in
the laboratory work. These were not satisfactory in production operations, for
after an anneal at this temperature the materlial was not In its most rollgble
condition., Annealing at 1650F was found to be more satisfactory and this
snnealing temperature was used for all but the initial aed finsl anresls.

From the standpoint of processability, excellent results wers achlzved with
the Ti-4Al-3Mo-1V alleoy. Minimm material loss was encountered duwring production
operations and our final cold reductiorn of 40% approached the almed-for 50%.

The T1i-23A1-16V alloy is superior to both of the other two alloys with regaxd
to strip processability. Excellent cold reductions were cbtained (the last
two were 40% and 55%) and other operations were performed without difficulty.
Subsequent discussion in this repcrt will alsc show that T4~2RA1-16V strip
develops almost negligible directionality.

QUALITY TESTS

Quality tests on contract heats are dlscussed here, In a separate section,
because they are not directly related to the directionality testing which
constituted the great majority of tests performed under this phase of the
contract. Samples of material were taken from the top and bottom of each
ingot during rough forging for in-process chemistry analyses and mechanical
property tests. These pleces were reforged to 7/8" RCS (Ti-6Al-kv - 1750F,
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Ti-4A1-3Mo-1V ~ 1700F, Ti-16V-23A1 - 1700F) before testing. All metallic
alloying elements and interstitial elements were under good control and well
within target composition ranges, as shown in Table XXVII. Table XXVIII
shows that mechanical properties are excellent. Strengths are consistent
within each ingot and ductility values are uniformly high.

Table XXIX reports metallic and interstitial analytical results on samples

which were taken at the 0.8" thick sheet bar stage to double-check earlier
analyses. These analyses confirm that all elements are under excellent control
and are within target ranges, with the exception of a single result on molybdenum
from one end of one Ti-4Al-3Mo-1V ingot. This analysis is only 0.1% above the
target range and is still within analytical error. Previous analyses on this
same heat (see Table XXVII) showed that molybdenum was under excellent control.

These tests showed us early in Phagse III that contract material for production
try-outs was of excellent quality.

DIRECTIONALITY TESTS

Phase III production strip was tested for directionality by the same technique
used 1n earlier phases of this program. Room temperature tensile properties
were determined in the longitudinal and transverse directions and either one
or three intermediste directions. Directlonality is then expressed as the .
difference between maximum and minimum yleld strengths for the directions tested.
Yield strength is the property most sensitive to directionality variation.
Material was tested in those conditions of greatest commercial interest, i.e.
annealed, solution treated, and solution treated and aged. Since Ti-6Al-LV
is used primarily in the anneagled condition, it was tested in this condition
at all stages and in the solution treated and solution treated plus aged
conditions only at final gage. Phase III strip was tested at all intermediate
geges and, in addition, directionality at final gage was Iinvestigated by
compression and tensile tests at room and elevated temperatures. Textures

of alpha and beta phases of each alloy were alsc determined at final gage.

The results of these tests are discussed below for each allcy.

Ti-6A1-4V
Room temperature mechanical property tests and directionality of Phase IIT

T1-6A1-4V strip are shown in Tables XXX through XXXV and are plotted in
Figures 35 through 4O. These may be summarized as follows:
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_Directionality Phage IT
Direction Direction Predicted

of Max of Min Directionality
Processing Stage Condition _KSI Strength  Strength (ksi)
0.8" thick (sheet bar) Ann 7.1 L L5° 2,1
0.150" tﬁick (hot band) Ann 16.2 T L 15,7, 19.4
0.131" thick (1st CR) Ann 19.0 T 45° -
0.097" thick (2nd CR) Ann 21.0 T 45° -
0.077" thick (3rd CR) Ann 18.4 T hs° -
0.051" thick (4th CR) Ann 36.3 T L45° 8.9, T.l
ST 32.6 T L5° 10.4
STA 28.2 T 45° 8.7

ML1l processed Ti-6AL-4V strip directionality was close to that predicted by
Phase II iaboratory work at sheet bar and hot band stages and did not change
significantly at intermediaste cold rolled stages. However, the final mill cold
reduction did not have the expected effect of reducing directionality but,
instead, increased it. The cause of this unexpected increase in directionality
has not been explalned.

Throughout this contract, Ti-6A1-LV strip has had a consistent directionality
pattern of minimum strength in the 45° direction and maximum strength in the
transverse direction, particularly after cold rolling operations have begur.

Aside from directionality considerations, Ti-6Al-4V strip mechanical proparties
(Tables XXX through XXXV) are quite satisfactory and typical of this alloy.
Ductilities are uniformly high and strengths are consistent at all stages
tested. No ductility gage effect is evident for the material tested (0.05L"
thick and greater).

Compression test results at room temperature and 800F are shown in Table XXXVI
and elevated temperature tensile test results are shown in Table XXXVII. These
data are plotted in Figures 41 through 4i4. Directionality is somewhat grester
in compression than in tension, but is unaffected by elevated temperatures:



Temperature Condition Directionality (ksi)

Compression RT Ann 51.2
ST 49.6

STA 61l.7

8ooF Ann k9.7

STA 501

Tension RT Ann 36.3
ST 32.6

STA 28.2

Loow Ann 35.8

STA 2.1

600F Ann 3.2

STA 37.1

800F Ann L. h

STA 38.4

Figures 45 and 46 show pole figures for alpha and beta phases of 0.051" thick
Ti-6A1-4V strip in the annealed condition. The alpha phase has a (2110) [011¢]
texture with slight deviations about the rolling direction. This departs from
the "ideal" texture for hexagonal metals ((00CL) [1010] ) and suggests that

(000L) slip has been interfered with and that (1010) [1210] is now dominant,

alth thils situation has not been examined in detall. The beta phase has a
(100) Oll:| texture wilth some deviation about the rolling direction. Thiz is
basically in good agreement with typical textures for cubic metals. Both of

these pole figures are also in reasonably good sgreement with those of laboratory-
processed material, shown in Figures 7 through 10.

T1-441-3Mo-1V

Room temperature mechanical property data tests and diractionality of Phase IIi
T1-4A1-3Mo0-1V strip are shown in Tables XXXVIII through XLIII and are plotted
in Figures U7 through 52. A summary of these data shows:

Directionality

Direction of Direction of

Processing Stage Condition KSI Max Strength Min Strength
0.8" thick (sheet bar) Ann 3.7 L Ly5°
ST 10.0 T 45°
STA 9.3 T 45°
0.140" thick (hot band) Ann 24.8 T L
ST 21.6 T us°
STA 26.6 T L
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Directionality
Direction of Direction of
Processing Stage Condition KST  Max Strength Min Strength

0.110" thick (lst CR) Ann oh.3 T L
ST 16.7 T 45°

STA 17.5 T L

0.078" thick (2nd CR) Ann 27.1 T L
ST 18.7 T L5°

STA 1h.h T 1,

0.057" thick (3rd CR) Ann 30.9 T L
ST 27.6 T L45°

STA 20.3 T 450

0.034" thick (4th CR) Ann 32.6 T L
' ST 24,5 T L

STA 22.3 T 45°

Mill processed Ti-4Al-3Mo-1V strip directionality was lowest at the hot rolied
0.8" thick sheet bar stage. This 1s probably the result of hot rolling high

in the alpha-beta field, with little of the hexagonal alpha phase Present in

the structure. Directionality was falrly high at the 0.140" thick hot bani

stage and changed little during subsequent cold reductions. Once cold reductions
were started, directionality was consistently higher in the annealed condition
than in elther the solution treated or solution tregted plus aged conditions.

Ti-4A1-3Mo-1V strip also has a tendency to develop minimum strength in the 45°
direction, particularly in the solution treated condition, though this tendency
is not as strong as in the Ti-6AL-LV alloy.

A comparison with typical hand sheet properties indicates that the Ti-4Al-3Mo=1V
strip being processed under this contract has excellent mechanical properties.
The hand sheet properties used for comparison consisted of a large quantity of
data on material produced by the Crucible Steel Company of America under Buresu
of Naval Weapons Contract NOas 56-995¢* which had been statistically analyzed.
The data show:

Avg UTS**(ksi) Avg YS**(ksi) Avg EL**

L T L N L T

0.057" thick Ti-4al-3Mo-1V strip 208.2 216.9 171.9 191.4 3.5 8.¢
0.063" thick Ti-4A1-3Mo-1V hand sheet 210 205 284 78 5.2 6.3
0.034" thick Ti-4A1-3Mo-1V strip 208.1 212.9 186.2 197.9 L.5 3.8
0.040" thick Ti-4A1-3Mo-1V hand sheet 206 202 175 170 k.6 5.6

* See Procedures for Producing Improved Titanium Alloy Sheet, Final Technical
Report, Bureau of Naval Weapons Contract NOas 56-995c, Crucible Steel (ompany
of America, dated 12-30-60.

**% Solution treated and aged condition.
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This comparison cannot be considered statistically valid for insufficient data
are available on strip product. However, it indicates that Ti-4Al-3Mo-1V
strip will heat treat to strength-ductility combinations equivalent to hand
sheet but that, in splte of improvements in directionality control made under
this contract, strip material 1s still somewhat more directional.

Compression test results at room temperature and 800F are given in Table XIL.IV

and elevated temperature tensile test results are given in Table XLV. Thesg=

data are plotted in Figures 53 through 56. Compression directionslity is higher
than tenslon directionality in the annealed and golution treated conditions but

is about the same in the solution treated and aged condition. Tension directiona-~
lity is unaffected by elevated temperatures but compression directionality is
reduced:

Temperature Conditicn Directionality (ksi)

Compression RT Ann 53.4
ST 49,8
STA 29,4

800F Ann 334 .
STA 11.G
Tension RT Ann 32.6
ST 2h.5
STA 22,3
LOOF Ann 27.4
STA 27.8
600F Ann 25.7
STA 32.3
800F Ann 25,6

STA 31.3 .

Figures 57 and 58 show pole figures for alpha and beta phases of 0.034" thick
T1-4A1-3Mo-1V gtrip in the annealed condition. The alpha phase has a (2110)
[0110] texture with slight deviations about the rolling direction, identical

to the alpha phase texture of Ti-6AL-4V strip. As in the case of Ti-6AL-L¥V

strip, this texture departs from the "ideal" for hexagonal metals. This departure
is probably caused by deformation mechanisms in sddition to (0001) slip. The
Ti-4A1-3Mo-1V beta Dhase has a (100) [011] texture but an anomalous pole
distribution was observed in the central region of the figure.

T1-23A1-16V

Room temperature mechanical property tests and directionality of Fhase III
Ti-23A1-16V strip are shown in Tables XLVI through LI and are plotted in
Figures 59 through 64. The following is a summary of these data:
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Directionallty
Direction of Direction of

Processing Stage Condition KSI  Max Strength Min Strength
0.8" thick (sheet bar) Ann T.7 T L
ST 9.3 T L
STA 7.9 T L45°
0.136" thick (hot band) Ann 11.5 T L
ST 0.9 T L45°
STA 8.0 T, 45° L
0.100" thick {1lst CR) Ann 3.7 T 50
ST 9.6 L T
STA 7.2 T L
0.080" thick (2nd CR) Ann 3.2 T L
ST 8.3 T L
STA 7.6 T L
0.045" thick (3rd CR) Ann 7.1 iy 67F
’ ST 2.4 usi Tl
0.021" thick (4th CR) Ann 9.9 T 1
ST 6.2 T L5°
STA 7.3 678° L5°

Ti-E%Al-lGV strip directionallity is negligible. The dats indicste that at no
thicknegs would directionality casuse prohlems in either fabricatlon or heet
treating to minimum strength and ductility values.

As was the case for the Ti-4A1-3Mo-1V alloy, a comparison with typical hand
sheet properties indicates that Tim2£Al;l6V strip has exceptionaliy good
mechanical properties. This comparison” follows:

Avg UTS lksi) Avg ¥s*Tkst) Avg BI®
L ]

L T T L T
0.100" thick T1-23A1-16V strip 172.2 179.5 157.8 165.0 7.3 7.0
0.096" thick Ti-23A1-16V hand sheet 175 183 163 172 5.6 5.6
0.045" thick T1-2iA1-16V strip 161.8 163.7 149.1 151.7 8.0 7.8
0.040" thick Ti-23A1-16V hand sheet 169 176 157 165 5.0 5.0
0.021" thick Ti-23A1-16V strip 162.5 169.4 149.3 153.7 6.5 =
0.025" thick Ti-23A1-16V hand sheet 179 183 162 167 3.6 k4.5

* See Procedures for Producing Improved Titanium Alloy Sheet, Final Technical

Report, Bureau of Naval Weapons Contract NOas 56-995c, Crucible Steel Co.
of America, dated 12-30-60, for date and statistical analysis of T ~ﬁ%ﬂl~16v
hand sheet properties.

*¥ Solution treated and aged condition.
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More test results on strip product would be required to make this comférison
statistically valid, but 1t indicates that the directionality of Ti-23A1-16V
strip will probably be lower than that of hand sheet. Strip also has substan-
tially higher ductility than hand sheet. This higher ductility is due in part

to the lower heat treated strength of the strip but strip processing per se is
believed to have contributed also, by greater structural refinement through

cold work. Further testlng has indicated that another heat treatment will produc
substantially higher aged strengths at some ductility sacrifice so that a range
of properties is available.

Compression test results at room temperature and 800F are shown in Takle LIT
and elevated temperature tensile test results are shown 1n Table LIII. Thesze
data are plotted in Figures 65 thru 68. Elevated temperatures have no signifi-
cant effect on directionallity, as determined by either compression or tensile
testing:

Temperature Condition Directionality (ksi}
Compression RT Ann 8.k
ST 10.2
STA 10.9
80CF Ann 13.6
STA 15.4
Tension RT Ann G.C
ST 6.2
STA 7.3
LOOF Ann 11.7
STA 11.6
600F Ann 11.2
STA 5.2
800F Ann 9.0
9.0

Figures 69 and 70 show pole figures for alpha and beta phases of 0.04i0" thick
T1-24A1-16V strip in the annealed condition. The alpha phase has a (OOOL}
C£0110] texture, which is substantislly different from the alpha phase textures
of Ti-6Al-4V and Ti-4Al-3Mo-1V strip (Figures 45 and 57). Ti-24A1-16V aipha
phase deformation appears to be principally by (0001} slip, which results in
a texture in very close agreement with the "ideal" for hexagonal metals. The
T1-23A1-16V beta phase has a (100) [OLL] texture, similar to the teta phase
textures of Ti-6A1-4V and Ti-L4Al~3Mo-1V strip and typical of cubic metals.

CRACK PROPAGATION RESISTANCE

Crack propagation tests were made on the three titanium alloys Processed under
this contract to examlne their notch sensitivity and to determine if notch



sensltivity is affected by test direction. Specimens were tested in the most
common commercial conditions, i.e. Ti-6Al-4V in the annealed condition and
T{-4AL-3M0-1V and Ti-23A1-16V in the solution treated and solution treated
Plus aged conditions.

The specimen used for these tests was simllay to the one developed by Srawley

and Beacham at the Naval Research Laboratory . It consists of a center~

notched tensile specimen which is subJected o axlal tension fatigue loading

to induce a transverse crack which constitutes an ultra-sharp notch., The ratio
of total crack length to specimen width is in the rarge of .35 to .45. The

net fracture stress or notched tensile strength in a subsequent tenslle test

is falrly independent of this ratio in this range. Approximately 15 minutes

of cycling in a tension-tension fatlgue machine initlated and propsgated the
crack to the desired length. The transverse fatigue crack was placed in solution
treated plus aged specimens before the aging treatment.

In thils test the ratio of net fracture stress to ultimate tenslle gtrangth 1s
usually the basis for judging materials. Ratlos of less thamn about .6 are
taken as an indication of notch sensitivity, or the insbility to resist pro-
pagation of cracks in the presence of ultra-sharp notches. Ratiocs above

about .6 indicate good resistance to crack propagation. Therefors, it ism
believed that high-strength materials with NFS/UTS ratics above .6 will behave
reliably in highly gtressed structures.

Test results are given in Table LIV. The highest NFS/UTS ratios obtained
(.980-1.057) were for annealed Ti-6AL-4V strip. This was not urexpected,
becauge of its relatively low strength.

The Ti-4A1-3Mo-1V and Ti-24A1-16V alloys are readily heat treated to high
strengths commercially and were therefore tested in thesa high strength
conditions. Aged Ti-23A1-16V strip appears to be superior to aged Ti-LAl-3Mo-1V
strip in its resistance to crack propagation. At yileld strengths of 150,000

to 156,000 psi, NFS/UTS ratios of .760 tc .833 wers obtained for TL-2XA1-16V
strip while NFS/UTS ratios of .L16 to .604 were obtained for Ti-Lkal-3Mo-1¥

strig at yield strengths of 164,000 to 185,000 psi. The data show that the
Ti-23AL-16V aging treatment does not result in a Llosz of crack propsgation
resistance, as might be expected of the less~ductile higher-strength material.

Ti-4Al-3Mo~1V strip has excellent crack propagation resistance {NFS/UTS ratios
of .825 to .956) in the solution treated condition but loses this resistance
when aged to high strengths.

The crack propagation test described here has not been widely used in
evaluating high-strength titanium alloy sheet, but the limited test rasults
available indicate that T1-24A1-16V strip heat treated to 150,000 psi yield
strength has exceptionally good crack propagation resistance.

In all cases, crack propagation resistance was not significantly affected by
test direction.

¥J. E. Srawley and C. D. Beacham, Crack Propagation Tests of High-Strength

1 ir 1 cimeng, NRL Report 5127, Naval Resesrch Labora-
tory, Washington, D.C., April 9, 1958,

=31



CONCLUSIONS

The program conducted under this eontract shows that the Ti~2%A1-16V alloy
meets all the requirements for strip processing. 'l‘i-2ﬁ-Al-l6V strip develops
almost negligible directionality, is easily handled in strip mill equipment,

and in-process material yield is high. Also, comparison to data on Ti-2%A1-16V
hand sheet indicates that strip product has a better strength-ductility combina-
tion.

While this program developed a substantlal body of knowledge concerning the
strip processing of the Ti~6AL-4V and Ti-4Al-3Mo-LV alloys, directionality

is higher than that of hand sheet. This effect is greater below about 0.060"
thick material. Also, final directionality of Ti-6A1-LV strip processed under
Phage IIT of this contract was higher than predicted by Phase II laboratory
investigations.

Crack propagation resistance of Ti-23A1-16V strip heat treated to high strengths
is excellent.
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TABLE V

Hot Rolling 1,50" Thick Ti-6A1-UV Slab to 0.75" Thick Sheet Bar

Thickness . Furnace Temperatures
Reduction
Pass Before After % Test 11 Test 21 Test 31
1 1.50"  1.19" 20.6 1880F 2030F 2180F
2 1.19" 0.95" 20.2 1875F 2025F 2175F
3 0.95" 0.75" 21.0 1870F 202CF 2170F

Test 12 Test 22 Test 32

1 1.50"  1.30" 13.3 1870F 2020F 2170F
2 1.30"  1.13" 13.1 1865F 2015F 2165F
3 1.13" 0.99" 12,k 1860F 2010F 2160F
L 0.99" 0.86" 13.1 1855F 2005F 2155F

5 0.86" 0.75" 12.8 1850F 2000F 2150F
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TABLE VII

Hot Rolling 0.750" Thick Ti-6A1-4V Sheet Bar to 0.125" Thick Hot Band

Thickness Furnace Te@peraturés
Reduction

Pass Before After % ' Test 11 Test 21 Test 31
1 0.750" 0.580" 22.6 1720F 1870F 2020F
2 0.580" 0.hks0"  22.4 17058 1855F 2005F
3 0.450" 0.350" @ 22.2 1690F 18LOF 1990F
b 0.350" o.270"  22.8 1675F 1825F 1975F
~0.270" o0.21O"  22.2 166CF 1810F 1960F

6 0.210" 0.160"  23.8 1645F 1795F 1945F
7 0.160" 0.125"  21.9 1630F 1780F 1930F
Test 12 Test 22 Test 32

1 0.750" 0.640"  13.3 © 1700F 1850F  2000F
2 0.640"  0.540"  15.6 1685F 1835F 1985F
3 0.5k0" 0.466"  14.8 1670F 1820F 1970F
b 0.460" 0.390™ °© 15.2 - - 1655F ~ 1805F 1955F
5 0.390" 0.330" 15.L4 16L0F 1790F 1940F
6 0.330" 0.280"  15.1 1625F 1775F 1925F
7 0.280" o0.2h0"  1k.3 1610F 1760F 1910F
8 0.2ko" 0.200"  16.6 1595F 1745F 1895F
9 0.200"  0.170" 15.0 1580F 1730F 1880F
10 0.170" 0.1k5"  1k.7 1565F 1715F 1865F

11 0.1k5"  0.125" 13.8 1550F 1TOCOF 1850F
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Process 1A :

Process 1B :

Process 1C :

Process 1D :

TABLE X

Experimental Cold Rolling and Annealing Cycles

#11 material annealed 2 hours at 1550F, slow cooled
5 /minute to 1050F, air cooled.

©old rolled 30% (.144" to .101").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 30% (.099" to .069").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 31% (.065" to .O45").

Anneeled 2 hours at 1550F, slow. cooled 5F/minute
to 1050F, air cooled.

#11 material annealed 5 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 29% (.142" to .101").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 30% (.094™ to .066").

Stress reliéved 10 minutes at 1450F, air cooled.
Cold rolled 30% (.064" to .O45™).

Annealed 5 hours at 1550F, slow cooled SF/minute

to 1050F, air cooled.

#11 material annealed 2 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 24.8% (.122" to .092").

Annealed 2 hours at 1550F, slow cooled S5F/minute
to 1050F, air cooled.

Cold rolled 28.8% (.090" to .064").

Annealed 2 hours at 1550F, slow cooled SF/minute
to 1050F, air cooled.

Cold rolled 30.6% (.062" to .0U3").

Annealed 2 hours at 1550F, slow cooled S5F/minute
to 1050F, air cooled.

#11 material annealed 5 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 20.4% (.122" to .097").

Stress relieved 10 minutes at 1L50F, air cooled.
Cold rolled 20.2% (.09%" to .OT5").

Stress relieved 10 minutes at thQF, air cooled.
Cold rolled 20.6% (.0T3" to .058").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 19.T% (.056" to .0h5").

Annealed 5 hours at 1550F, slow cooled 5F/minute
to 1050F, air cooled.



Process 1B :

Process 1F :

Process 1G :

1.

2.
3.

ho
5.

6.
8.

TABLE X
(Continued)

#11 material solution treated 10 minutes at 180CF,
alr cooled, followed by annealing 2 hours at 1550F,
slov cooling 5F/minute to 1050F, air cooling.
Cold rolled 21.3% (.122" to .096").

Stress relieved 10 minutes at 1450CF, air cooled.
Cold rolled 20.6% (.095" to .O76").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 20.6% (.0T3" to .058").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 19.7% (.056" to .045").

Annealed 2 hours at 1550F, slow cooled 5F/minute
to 1050F, air cooled.

#11 material solution treated 10 minutes at 180CF,
alr cooled, followed by annealing 5 hours at 1550F,
slov cooling 5F/minute to.l050F, air cooling.
Cold rolled 21% (.1b" to 11479,

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 20% (.107" to .086").

Stress relieved 10 minutes at 1450F, alr cooled.
Cold rolled 17.9% (.08L4" to .069").

Stress relieved 10 minutes at 145QF, air cooled.
Cold rolled 20.9% (.062" to .OuO").

Annesled 5 hours at 1550F, slow cooled SF/minute
to 1050F, air cooled.

#11 material solution treated 10 minutes at 180CF,
alr cooled. Annealed 5 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled 5F/minute
to 1050F, air cooled.

Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled 5F/minute
to 1050F, alr cooled. ;
Solution treated 10 minutes at 1800F, air cooled.
Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled SF/minute
to 1050F, air cooled.



Process 1H :

Process 1J :

Process 1K :

Process 3A :

2.
3.

L.
5

6.
Te

TABLE X
(Continued)

#11 material annesled 5 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 24.6%.(.122" to .092").

Annegled 5 hours at 1550F, slow cooled SF/minute
to 1050F, air cooled.

Cold rolled 30.4% (.092" to .064").

Annealed 5 hours at 1550F, slow codled 5F/minute
to 105CF, air cooled.

Cold rolled 29.5% (.061" to .Ok3").

Annealed 5 hours at 1550F, slow cooled 5F /minute
to 1050F, alr cooled.

#11 material solution treated 10 minutes at 180CF,
air cooled. Annealed 5 hours at 1550F, slow cooled
5F /minute to 1O50F; eir cooled.

Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled SF/minute
to 1050F, air cooled.

Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled S5F/minute
to 1050F, air cooled.

Cold rolled 30%. '

Solution treated 10 minutes at 1800F, air cooled.
Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled SF/minute
to 1050F, air cooled.

#11 material stress relieved 10 minutes at 145(F,
air cooled.

Cold rolled 30%.

Stress relieved 10 minutes at 1550F, air cooled.

Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled SF/minute

to 1050F, air cooled.

Cold rolled 50%.

Annealed 5 hours at 1550F, slow cooled S5F/minute

to 1050F, air cooled.

#32 material annealed 2 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 27.5% (.134" to .097").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 30% (.094" to .066").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 30% (.063" to .OUL").

Annealed 2 hours at 1550F, slow cooled 5F/minute

to 105(F, alr cooled.



Process 3B :

Process 3C :

Process 3D :

Process 3B :°

1.

TABLE X
(Continued)

#32 material annealed 5 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 29% (.132" to .093").

Stress relieved 10 minutes at 1450F, air cooled.,
Cold rolled 27% (.09L" to .066").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 31% (.064" to .Ouh4"), _

Annealed 5 hours at 1550F, slow.cooled 5F/minute
to 1050F, air cooled.

#32 material annealed 2 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 20% (.110" to .088"). )
Annealed 2 hours at 1550F, slow cooled S5F/minute
to 1050F, air cooled. )

Cold rolled 29.6% (.086" to .060").

Annealed 2 hours at 1550F, slow cooled SF/minute
to 1050F, air cooled.

Cold rolled 30.5% (.059" to .O41").

Annealed 2 hours at 1550F, slow cooled 5F/minute
to 1050F, air cooled.

#32 material annealed 5 hours at 1550F, slow cooled
5F /minute to 1050F, air cooled.

Cold rolled 19.1% (.110" to .089").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 20.6% (.087" to .069").

Stress relieved 10 minutes at 1L50F, air cooled.
Cold rolled 19.4% (.067" to .054").

Stress relieved 10 minutes at 145(F, air cooled.
Cold rolled 19.3% (.052" to .ok2"). .
Annealed 5 hours at 1550F, slow cooled 5F/minute
to 105Q0F, air cooled.

#32 material solution treated 10 minutes at 1800F,
air cooled, followed by annealing 2 hours at 1550F,
slow cooling 5F/minute to 1050F, air cooling.

Cold rolled 19.1% (.110" to .089").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 19.8% (.086" to .069").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 19.4% (.067" to .054").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 19.3% (.052" to .ou2").

Annealed 2 hours at 1550F, slow cooled S5F/minute
to 1050F, air cooled. ,



Process 3F :

Process 3G :

Process 3H :

2'
3.

L,
50

6‘
8.

2.
3.
5.

6.
7.

TABLE X
(Continued)

#32 material solution treated 10 minutes at 180CF,
alr cooled, followed by annealing 5 hours at 1550F,
slow cooling SF/minute to 1050F,. air cooling.
Cold rolled 20.0% (.110" to .oeé")

Stress relieved 10 minutes at 1&50?, alr cooled.
Cold rolled 21.2% (.085" to .06T").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 19.7% (.066" to .053").

Stress relieved 10 minutes at 1450F, air cooled.
Cold rolled 19.6% (.051" to .OkL").

Annealed 5 hours at 1550F, slow cooled SF/minute
to 105(F, air cooled.

#32 material solution treated 10 minutes at 1800F,
air cooled. Annealed 5 hours at 1550F, slow cooled
SF/minute to 1050F, air cooled.

Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled S5F/minute
to 1050F, air cooled.

Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled 5F/minute
to 1050F, air cooled.

Solution treated 10 minutes at 1800F, air cooled.
Cold rolled 30%.

Annealed 5 hours at 1550F, slow cooled S5F/minute
to 1050F, air cooled.

#32 material annealed 5 hours at 1550F,.slow cooled
SF/minute to 1050F, air cooled.

Cold rolled 21.8% (.110" to .086").

Annealed 5 hours at 1550F, slow ccoled S5F/minute
to 1050F, alr cooled.

Cold rolled 31.0% (.087" to .060").

Annealed 5 hours at 1550F, slow cooled S5F/minute
to 1050F, air cooled.

Cold rolled 31.0% (.058" to-.0ko0").

Annealed 5 hours at 1550F, slow cooled 5F/minute
to 1050F, alr cooled. .



TABLE X
(¢ontinued).

Process 37 : 1. #32 material solution treated 10 minutes at 1800F,
alr cooled. Annealed 5 hours at 1550F, slow cooled
S5F/minute to 1050F, air cooled. ‘

2.. Cold rolled 30%. .

3. Annealed 5 hours at 15505‘ , slow cooled 5F /minute to
. 1O5QF, air copled.

4., Cold rolled 30%.

5.. Annealed 5 hours at 1550F, slow cooled SF/minute to
. 1050, air cooled.

6. Cold rolled 30%. .

T. 8Solution treated 10 ninutes a.t 1800F, air cooled.

8. Cold rolled 30%.

9. Annealed 5 hours at lSSOF , 8low cooled 5F/minute to
. 1050F, air cooled.

Process 3K : 1. #32 material atress relieved 10 minutes at 1U5CF,

air cooled.

2.. Cold rolled 30%.

3. Stress relieved 10 minutes at 155, air cooled.

4, Cold rolled 30%.

5. Annealed 5 hours at 1550F, slow cooled 5F/minute
to 1050F, air cooled.

6. Cold rolled 50%.

7.. Annealed 5 hours at 1550F, slow cooled 5F /minute

. to 1050F, air cooled. :
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2.

30

1k,

15.
16.
17.
18.

19.

TABLE XXI1V

Production Processing Steps on 4000 Pound Ti-6A1-4V Ingots

Double consumable-arc vacuum melt to 25" diameter.

Forge to 42" x 4" x L slabs by upsetting and swaging. Forging temperatuce
for upsetting and rough swaging - 2050F, Final forging temperature - 1700F.

Hot roll to 42" x 0.150" x L coiled hot band in Crucible'sz hot strip mill
from 1875F.

Stress relleve at 125QF.

Deééale and‘pickle in a conmtinuous strip line.
Anneal at 1550F, slow cool S5F/minute maximm,
Conditiony

Cold roll: to 0.131" thick in a three-stand four-high ﬂontinuous celd
rolling mill, °

Anneal .
Conditiok

Cold roll to 0.097" thick in a three-stand four-high continucus cold
rolling mill.

‘Anneal. °

Condition.

Cold roll to 0.07T" thick in a three-stard four-high continuous cold
rolling mill.

Anneal.

Condition.

Cold roll to 0.051" thick in a k4" wide four-high reversing mill.
Final anneal.

Pickle.
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19.

TABLE XXV

Production Processing Steps on 4000 Pound Ti-4A1-3Mo~1V Ingots

Double consumable-arc vacuum melt to 25" diameter.

Forge to 42" x 4" x L slabs by upsetting and swaging. Forging temperature
for upsetting and rough swaging - 1950F. Final forging temperature - LT0(F.

Hot roll to 42" x 0.140" x L coiled hot band in Crucible's hot strip mill

from 1800F.

Stress relieve at 1250F.

Degcale and pickle in a continuous strip line.

Anneal at 1650F, slow cool S5F/minute maximum,

Conditlon.

Cold roll +o 0,110"
rolling mill.

An.neﬂ. .
Condition.

Cold roll to 0.078"
rolling mill. .

Anneal.

Condition.

Cold roll to 0.057"
Anneal.

Condition.

Cold roll to 0.034"
Final anneal.

Pickle.

thick in a three-stand four-high continuous cold

thick in a three-stand four-high continuous cold

thick in a 44" wide four-high reversing mills

thick in a 44" wide four-high reversing mill.




15.
16.

17.

18.

19.

TABLE XXVI

Production Processing Steps on 400G Pound Ti-24A1-16V Ingots

Double consumable-arc vacuum melt to 25" diameter.

Forge to 42" x 4" x L slabs by upsetting and swaging. Forging temperature
for upsetting and rough swaging - 180CF. Final forging temperature - 1T00F.
Hot roll to 42" x .136" x L coiled hot band in Crucidle's hot strip mill
from 1800F. -

Stress relieve at 1250F.

Descale and pickle in & contlnuous strip line.

Anneal at 14OOF, slow cool 5F/minute maximum,

Condition.

Cold roll to 0,100" thick in a three~stand four-high contiruwous cold
rolling mill. :

Aunneal.,

Condition.

Cold roll to 0.080" thick in a three-stand four-hlgh continuous coid
rolling mill.

Annesal..

Condition.

Cold roll to 0.045" thick in a 54" wide reversing Sendzimir mill

(2" diameter work rolls)..

Anneal.

Condltion.

Cold rcll to 0.021" thick in a 54" wide reversing Sendzimir mill

(2" diameter work rolls).

Final anneal.

Pickle.
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Ultimate Strength Directionality - psi x 103

20

(=
Vi

=
(=

wi

Figure 1

Effect of finishing temperature and reduction per pass on
ultimate strength directionality of Ti-6Al-4V hot rolled
from 0.750" thick sheet bar to 0.125" thick hot band.

O ~ 23% per pass
O - 15% per pass
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Figure 2

Effect of finishing temperature and reduction per pass on
0.2% yield strength directionality of T1-6A1-4V hot rolled
from 0,750" thick sheet bar to 0.125" thick hot 'bl.nd..

0.2% Yield Strength Directionality - psi x ].0'3
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Grade
Magnification
Etchant

Condition

Description

X3

Ti-6A1-4V

150X
2% N - 1% HF

Hot rolled 23% per pass above beta transus.

Annealed

2 hours at 1550F, slow ceol 5F/minute to 1060F,

Widmanstatten or transformation structure.

508-3667




Fiqure 4

Grade
Magnification
Etchant

Condition

Description

Ti-6A1-4V
160X
2% N - 1% HF

Hot rolled 15% per pass above the bsta transus. Annealed’
2 hours at 1550F, slow cool 5F/minute to 1060F.

Widmanstatten or transformation structure.

606-3868




Grade
Magnification
Etchant

Condition

Description

Figure 6

Ti-8A1-4V
150X
2% N - 1% HF

Hot rolled 23% per pass through and then below the beta
transus. Annealed 2 hours at 1550F slow cooled 6F/minute

to 1050F.

Worked transformation structure

506-3669




Figure 68

Grade
Magnification
Etchant

Condition

Description

Ti-6Al-4V

150X

2% N - 1% HF

Hot rolled 15% per pass through and below the beta
transus. Annealed 2 hours at 1650F, slow cooled
5F/minute to 1050F.

Uniform alpha-beta structure.
606-3860



Figure 7 Process 1B - Pole Figure for Ti-6Al-4V Alpha Phase
(0110) plane

506=3776
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Figure 9 Process 1X - Pole Figure for Ti-6Al-hV Alpha Phase
(0110) Flane

Strong

Medium \ \\\\
Weak /9664/

506~3778
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Figure 21, Process 1B - Effect of Rolling Speed and Roll Diameter
on Ti-6A1-4V Strip Directionality*

Rolling speed 60'/minute
Roll diameter 4"

A Rolling speed 60'/minute
8= =77 Roll diameter 2§" :

Rolling speed 140'/minute
Roll diameter 24"

Ultimate tensile strength

0° (Long)

90 100 110 120 130 140 180
KS1
o .
90° (Trans)

674° Yield strength

0° (Long)

KSI

» AQerages of duplicate specimens. B8Specimens tested in the

annealed condition (1550F, 5 hours, slow cooled).
' 506=3780




Figure 22, Process 1K - Effect of Rolling Speed and Roll Diameter
on Ti-6A1-4V Strip Directionality*

° Rolling speed 60'/minute
Roll diameter 4"

Rolling speed 60'/minute
Roll diameter 24"

o —— - — Rolling speed 140'/minute
Roll diameter 23"

D - e -

Ultimate tensile strength

22%°

_ oo 0° (Long)
80 100 110 120 130 140 150

KSI
90° (Trans)

67§° Yield strength

0° (Long)

KSI

* Averages of duplicate specimens. Specimens tested in the
annealed condition (1550F, 5 hours, slow cooled).
506=~3701




Figure 23, Effect of strig Tension on Ti-6Al-4V Btrip
Directionality

Condition - Annealed 1550F, B hours, |Range for test
slow cooled. values for four
combinations of

strip tension

90° (Trans)

0° (Long)

N ,
90 100 110 120 130 140 150 160
Ultimate tensile strength (ksi)

90° (Trans)

* Averages of
duplicate
) specimens

Yield strength (ksi)

506-3782
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Figure 3l Mechanical Properties of .040" Ti-4A1-3Mo-1V Strip
Finished with a 50% Cold Reduction (Heat R6749)
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Figure 45 Pole Figure for Mill Processed T4{-6AL-4V Strip Alpha Phase
‘(I-Ieo.t; R8918 - Annealed Condition)' ‘
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Figure 46  Pole Figure for Mill Processed Ti-6Al-4V Strip Beta Phase
(Heat R8918 - Annealed Condition)
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Figure 57

Pole Figure for Mill Processed Ti-4Al-3Mo-1V Strip Alpha

Phase (Heat R8865 - Annealed Condition
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Figure 58  Pole Figuie for Mill Processed Ti-kAl-3Mo-1V Strip Beta

Phase (Heat

R8865 - Annealed Condition)

(100) Plane
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Figure 69

Pole Figure for Mill Processed Ti-24A1-16V Strip Alpha
Phase (Heat RGSB4LB - Annealed Condition)
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Figure 70  Pole Figure for Mill Processed Ti-24A1-16V Strip Beta
Phase (Heat R88US - Annealed Condition)
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